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FLOW RESISTANCE IN SALTMARSH AND MANGROVE VEGETATION  
IN AN AUSTRALIAN COASTAL WETLAND 
 
 
Alice Howe1 and José Rodríguez2 
 
 
ABSTRACT 
 
Flow in estuarine wetlands is typically shallow, unsteady and non-uniform. Vegetation within these 
wetlands is emergent under most flow conditions, and vegetation drag is the main component of 
flow resistance.   In adjacent tidal creeks, however, the substrate is typically devoid of vegetation 
and bed roughness is the major resistance component.  A number of formulations have been 
presented for calculation of resistance due to bed roughness; however, few have been tested in low 
energy estuarine environments.  In order to test the applicability of these approaches to field 
conditions, measurements using acoustic Doppler velocimeters were conducted in a wetland in the 
Hunter estuary, southeast Australia. Vegetation at the field site was comprised of two species of 
saltmarsh (Sarcocornia quinqueflora and Sporobolus virginicus) and one species of mangrove 
(Avicennia marina). Unvegetated tidal creek substrates occurred in both the mangrove and saltmarsh 
habitats.  Stem density of mangroves in the field was comparable to previous laboratory studies; 
saltmarsh stem density was substantially higher and varied with depth of inundation.  Field results 
allowed for the development of resistance relations for each vegetation type and for fully turbulent 
flow over unvegetated substrates.  Resistance of unvegetated substrates under transitional flow 
conditions was not well characterized using the applied formulations.   
 
1. INTRODUCTION 
 
Estuarine wetlands provide a range of ecosystem services including primary production, flood 
attenuation, storm surge protection, groundwater recharge and filtering of surface flows (Mitsch and 
Gosselink 2000; Wolanski et al. 2004). In recognition of these services, there has been an increased 
effort to restore tidal flows to degraded wetlands.  In the coastal zone of New South Wales, 
Australia, for example, in excess of 4,000 impediments to tidal flow have been identified, of which 
approximately 1,600 have potential for estuarine wetland rehabilitation (Williams and Watford 
1997).  Often, however, there is insufficient information to predict how wetlands will respond to the 
reintroduction of tidal flows. This is in part due to a lack of appropriate resistance values for input to 
hydrodynamic simulation models of reinstated flow conditions for rehabilitation of tidal wetlands.  
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The presence of vegetation in open channel flow causes form drag due to separation of flow in 
the wake of vegetation elements. The associated flow resistance is typically superimposed on the 
flow resistance that is due to the channel bed.  This is typically accounted for by linear superposition 
of the resistance terms (Kouwen and Fathi-Maghdam 2000; Yen 1991): 
 
b df f f= +          (1) 
 
where fb is the Darcy-Weisbach bed resistance term and fd is the vegetative resistance term.  
Although superposition of effects is widely used to combine different sources of resistance (Rouse 
1965), there are cases in which it results in an overestimation of total resistance and an overall 
resistance approach, with a non-linear relationship between resistance components, may be required 
(Camacho and Yen 1991). 
 
Presence of vegetative resistance tends to create a relatively uniform velocity distribution 
within the vegetation canopy (James et al. 2004; Kadlec 1990; Leonard and Reed 2002).  When 
vegetation density is high, bed shear becomes negligible and flow resistance is dominated by 
vegetation drag (Nepf 1999; Petryk and Bosmajian 1975; Wu et al. 2005).  When vegetation is 
submerged, the approximately uniform velocity profile is maintained within the vegetation layer, 
and a logarithmic profile is established above it (Nepf and Vivoni 2000) so that the vegetation acts 
as large roughness elements effectively shifting the boundary layer upwards.  
 
A number of formulations have been presented for calculation of resistance due to bed 
roughness; however, the majority of these studies have been conducted under steady uniform flow 
with a rigid impervious bed (Yen 1991).  In order to test the applicability of these approaches to 
estuarine field conditions, where flows are typically in the laminar-turbulent transitional range, 
measurements were conducted in a wetland in the Hunter estuary, southeast Australia (Figure 1).  
 
 
 
Figure 1. Location of the study area in the Hunter estuary, NSW, Australia (32ο51’52”, 151ο 42’15”) 
   
 
2. METHODS 
 
Vegetation at the field site predominantly included two species of saltmarsh (Sarcocornia 
quinqueflora and Sporobolus virginicus) and one species of mangrove (Avicennia marina).  Flow 
velocities at discrete locations were measured using 2D and 3D acoustic Doppler velocimeters 
(ADVs) deployed from four fixed, eight-metre long transects. These transects were located at the 
interface between either saltmarsh or mangrove vegetation communities and unvegetated tidal creek 
substrates, and perpendicular to the vegetation boundary.  Vertical velocity profiles were obtained 
from fixed positions along each transect.  Flow was always in the opposite direction of the water 
surface gradient.  Water surface elevation was measured using a Sokkia SDL30 automatic level 
sensor to record the height of four floating survey staves. The staves were constructed from 50 mm 
diameter polyvinyl chloride wrapped in a plastic-coated, bar-coded survey sheet, with polystyrene 
floats coated in water-proof paint glued to the base.  In the field, each staff was placed concentric to 
a permanent 16 mm diameter steel bar located as far as practically possible (10 to 20 m) from the 
corners of the velocity transect (Figure 2 and Plate 1).    This allowed measurement of the water 
surface slope to a precision of 1x10-4 m/m, which was necessary to characterize the low tidal flow 
gradients.  Each staff was re-calibrated in the laboratory before and after field deployment to check 
for damage to the floats and/or deposition of residue that may affect staff buoyancy.  Vegetation 
morphological characteristics (height, stem density and stem diameter) along each transect were 
surveyed during March 2006 using nested quadrats (following the methodology of Mueller-
Dombois and Ellenberg 1974) depending on the scale of the morphological unit (a 1m2 quadrat for 
A. marina and a 0.017 m2 quadrat for the two saltmarsh species).   
 
 
 
 
Figure 2.  Schematic of experimental setup 
 
   
 
 
 
Plate 1a) Floating survey staves used to determine water surface slope. (1b) Velocity transect,  
with Sokkia SDL30 automatic level sensor, in saltmarsh. (1c) Velocity transect in mangrove. 
 
The resistance factor, f, was determined by combining the conventional Darcy-Weisbach bed 
resistance factor, fb (first term on the right hand side), with the vegetative drag resistance factor, fd 
(second term on the right hand side) (Musleh and Cruise 2006): 
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where V* is bed shear velocity, Vm is mean depth-averaged velocity, Vc is mean canopy velocity, ρ is 
the fluid density and CD is the Reynolds number (Re)-dependent drag coefficient (Mazda et al. 
1997): 
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where Sw is the water surface slope, ∀  is the control volume (wbz in Figure 2) and c∀  is the 
volume occupied by the vegetation canopy (Nhπd2/4).  Equation 3 has been developed for mangrove 
stands and assumes that resistance is stem dominated. Within the velocity and vegetation control 
volume shown in Figure 2, flow momentum is resisted by the frontal area of vegetation presented to 
   
 
the flow.  This may be parameterized by the dimensionless vegetation density, A/a, as determined by 
(Musleh and Cruise 2006): 
 
/A a Ndh=          (4) 
 
where N is stem density per reference bed area, d is average stem diameter, h is average stem height 
and a is the reference bed area (1m2).  A/a ranged from 0.005 to 0.151 for mangroves and 0.114-
0.863 for saltmarsh. The vegetative drag component of equation 2 is expressed as fd = 8τd/ρVc2, 
where the equivalent vegetative bed shear stress, τd* =FD/a (drag force over bed area).  V* in 
equation 2
 
was calculated using **V
τ
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where γ is the specific weight of water and z is the water depth (Figure 3).  The inertial terms, ∂V/∂t 
and V∂V/∂x, are neglected in arriving at equation 5, as they are typically one to two orders of 
magnitude smaller than the vegetative resistance and tidal forcing terms (Knight 1981; Mazda et al. 
1997). The volume occupied by vegetation, c∀ , however, can not be neglected, except for very low 
stem densities (Nepf 2004). 
 
 
 
 
Figure 3.  Definition sketch for flow depth (z), vegetation height (h), velocity (Vm, Vc) and 
water surface slope (Sw) parameters in equations 2, 3 and 5 
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3. RESULTS AND DISCUSSION 
 
Flow conditions at transects located at the interface between saltmarsh (superscript b in Table 1) and 
saltmarsh tidal creeks (Table 1 superscript c) were typically transitional and vegetation emergent. 
Saltmarsh vegetation density was generally an order of magnitude greater than that in mangrove, 
whilst flow depths were an order of magnitude lower.  Tidal creeks were devoid of vegetation, 
bedform was planar and flow depth was higher than adjacent vegetated habitats.  Flow conditions at 
transects located at the interface between mangrove forest (Table 1 superscript a) and mangrove 
tidal creeks (Table 1 superscript d) ranged from transitional to fully turbulent.  Mangrove 
pneumatophores (aerial roots) within each control volume were submerged under all flow 
conditions. 
 
Table 1. Reynolds number, flow depth, vegetation density and drag coefficient of samples 
 
Sample Re z (m) A/a CD Sample Re z (m) A/a CD 
1a 71997 0.415 0.0183 1.4 21 c 21500 0.285 0 0 
2 a 78570 0.335 0.0533 0.2 22 c 3468 0.275 0 0 
3 a 92706 0.885 0.0183 5.8 23 c 1375 0.140 0 0 
4 a 52341 0.725 0.0183 2.7 24 c 1759 0.170 0 0 
5 a 42713 0.610 0.0986 0.5 25 c 1228 
 
0.160 0 0 
6 a 64259 0.755 0.0986 1.4 26 c 1275 0.162 0 0 
7 a 12426 0.290 0.0447 29.0 27 c 573 0.130 0 0 
8 a 13897 0.125 0.1004 2.2 28 c 551 0.105 0 0 
9 a 15284 0.655 0.0005 53.8 29 c 1562 0.149 0 0 
10 a 11245 0.215 0.1512 3.8 30 c 707 0.110 0 0 
11 a 2400 0.415 0.0183 35.5 31 c 2670 0.150 0 0 
12 b 1357 0.165 0.1138 9.3 32 c 5090 0.245 0 0 
13 b 1619 0.265 0.3775 27.5 33 c 3641 0.230 0 0 
14 b 2141 0.040 0.4605 3.6 34 d 83287 0.825 0 0 
15 b 777 0.035 0.1776 40.8 35d 114857 1.000 0 0 
16 b 3950 0.060 0.3045 6.5 36d 46399 1.135 0 0 
17 b 4141 0.075 0.8634 0.7 37d 153571 1.000 0 0 
18 b 2119 0.085 0.4313 6.6 38 d 157093 0.695 0 0 
19 c 9356 0.180 0 0 39 d 198074 0.650 0 0 
20 c 5092 0.170 0 0      
(a) submerged mangrove substrate, (b) emergent saltmarsh substrate,  
(c) unvegetated saltmarsh creek substrate, (d) unvegetated mangrove creek substrate 
 
3.1  Vegetative Resistance 
 
Drag coefficients for mangrove substrates (0.2-54) were generally within the range of 0.4-10 
reported by Mazda et al (1997) for Rhizophora sp. and Bruguiera sp. of mangrove for 
10,000<Re<100,000.  Drag coefficients for saltmarsh were within a similar range (0.7-41) and were 
also inversely proportional to Re.  As a result, calculated vegetative resistance, fd, values for fully 
   
 
rough turbulent flows were in the range 0.05-0.6 for mangrove substrates. These results were 
consistent with laboratory data obtained by Järvelä (2004) for sedges with higher stem density 
(A/a=0.461) (Figure 4). Values obtained for saltmarsh and mangrove substrates (0.9< fd< 42) 
indicate that the Re-dependent fd trend observed under turbulent conditions can be extended to 
transitional conditions, which is consistent with the results reported by Chen (1976) for Kentucky 
Blue and Bermuda turf grasses of unspecified stem density in the laminar to transitional flow range 
200 <Re<7,000.   
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Figure 4.  Relationship between fd and Re for vegetated saltmarsh and mangrove habitats compared 
with Järvelä’s (2004) laboratory data for sedges (A/a=0.461)  
 
3.2 Bed Resistance 
 
The Darcy-Weisbach bed friction component of resistance, fb, calculated using the first term on the 
right hand side of equation 2, is shown in Figure 5. In the saltmarsh transects under transitional flow 
conditions, fb ranged from 2-45 for saltmarsh substrate and 0.5-471 for nearby creeks.  For rough 
turbulent flow conditions, which occurred only in the mangrove transects, fb, ranged from 0.4-9 for 
creeks and 0.1-0.6 for mangrove substrates.  Mangrove substrates under transitional flow conditions 
had fb in the range 1-23.  Figure 5 also indicates that fb is strongly Re-dependent under all flow 
conditions sampled (i.e. up to Re≈100,000). 
 
Examination of Nikuradse’s experimental curves for roughness indicates that the upper limit of 
the Darcy-Weisbach resistance factor, fb, is governed by the laminar flow relationship, which for 
open channel flow is given by (Chadwick et al. 2004; Yen 1991): 
 
24
Reb
f =           (6) 
 
This equation provides 0.05<fb<24 for 1<Re<500 (Figure 5).  A Blasius relationship for transitional 
flows over a rigid, unvegetated, impermeable bed (500<Re<30,000) (Chen 1991; Yen 2002): 
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gives 0.08<fb<0.017 under these conditions (Figure 5).  The Colebrook-White formula for smooth 
and fully rough turbulent flows over the same bed type (Re >30,000)(Yen 1991): 
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where ks is Nikuradse’s equivalent sand roughness and R is hydraulic radius (equivalent to z for wide 
open channels), suggests fb ≈ 0.03 for the field conditions shown in Table 1 and a ks value of 
0.015 m (Figure 5) (Wright et al. 1997; Yen 1991). 
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Figure 5.  Relationship between fb and Re for four estuarine habitats using a Darcy-Weisbach 
resistance approach with shear velocity calculated using 
* wV gRS= , compared with equations 6-8 
and Järvelä’s (2004) unvegetated laboratory data for sedges (A/a=0.461) calculated using Darcy-
Weisbach 
 
An O(0.01-0.1) bed resistance factor was expected for the fine sediment, planar bedform of 
the study area, based on Manning’s n ≈ 0.03 reported in the literature (e.g. Henderson 1966; Khatibi 
et al. 2006; Knight 1981; Yen 1991).  It appeared that the resistance factors calculated for the field 
sites using the first term on the right hand side of equation 2 substantially overestimated bed 
resistance, particularly at the lower end of the transitional flow range. A similar behaviour has been 
reported by Khiadani et al. (2005) for spatially varied flow with increasing discharge, where 
* wV gRS=  produced fb values an order of magnitude higher than measured values in the range 
9,500<Re<22,000, and by Afzalimehr and Lévesque (1999), where application of  
* wV gRS=  
   
 
overestimated V* by up to 500% relative to calculation using a velocity profile method. In the latter 
study, the difference between the two methods was attributed to a failure of  
* wV gRS=  to account 
for the effect of the roughness height, ks, on bed resistance, whilst in the study reported by Khiadani 
et al. (2005), error was attributed to the influence of lateral inflow on bed shear stress.  In this study, 
discrepancies with the Darcy Weisbach fb values appears to be due to the high water surface slope 
(relative to flow velocity) and low Re
 
typical of low energy tidal creeks, which led to V*/Vm values 
greater than unity in most transitional flow cases.  This suggests that in low energy tidal 
environments, flow near the bed may be laminar.  Under these viscous conditions, the shear velocity 
may be better characterized as a function of the local near bed flow conditions than overall 
parameters like water surface slope.  In the fully rough turbulent flow range, the Colebrook-White or 
Prandtl log law formulations, which account for bed form roughness provide better estimates of bed 
resistance than the Darcy-Weisbach formulation calculated as a function of the water surface slope.  
 
4. CONCLUSIONS 
 
Field results for vegetation drag resistance in estuarine wetlands are consistent with previous 
laboratory studies.  Calculation of the Darcy-Weisbach resistance factor using the surface water 
gradient to determine shear velocity may be appropriate for turbulent flow conditions at high Re, 
but substantially overestimates bed roughness by up to three orders of magnitude for transitional 
flow conditions. Further investigation of the relationship between bed shear stress and bed 
resistance under transitional flow conditions is required, including consideration of a 1/7th (Blasius) 
power law approach for calculating resistance in the transitional flow range and a Colebrook-White 
or Prandtl log law formulation for fully rough turbulent flows.  
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